The deoxyribonucleic acid (DNA) of bacteriophage S13 was shown to be singlestranded by the criteria of reactivity with formaldehyde, dependence of optical density on ionic strength, broad temperature-absorbance profile, and lack of molar equivalence of the purine and pyrimidine bases. The DNA has a molecular weight of 1.8 X 106 daltons, an S2 of 24.6 in SSC (0.15 M NaCl plus 0.015 M sodium citrate), and a buoyant density of 1.726 g/cc in CsCl. Electron microscopy showed the molecule to be circular. S13 replicative-form DNA was shown to be a doublestranded, circular molecule with a molecular weight of 3.5 x 106 daltons, an S, of 20.7 in SSC, and a buoyant density in CsCl of 1.710 g/cc. The finding that S13 DNA is slightly more pyrimidine-rich than 4X174 DNA but is indistinguishable by all other parameters supports the close genetic relationship between the two bacteriophages.
Bacteriophage SI 3 has been shown to be closely related to bacteriophage 4X1 74 by serological tests (35) , genetic recombination experiments (32) , comparison of the coat proteins (22) , and complementation tests (13) . S13 deoxyribonucleic acid (DNA) has been shown to be single-stranded by 32p decay studies (33) and hydroxylamine inactivation (30, 31) , but no other chemical or physical characterization of the DNA has been reported. Most authors have assumed the properties of S13 DNA (molecular weight, base ratios, single-stranded character, and circularity of the molecule) to be identical to 4X174 DNA (1, 31) . The extensive genetic studies of bacteriophage S13 have influenced the selection of this organism for structural studies (6) . To obtain basic information needed in these and other studies on the primary structure of S13 DNA, the single-stranded nature of the molecule, the size and shape of both the singlestranded and replicative-form DNA, the base compositions, and some physical properties of both forms of S13 DNA have been investigated. Comparison of the data obtained with that for 4X174 (7, 10, 15, 26, 28) has added chemical support to the comparative genetic studies on the two phages (13, 32, 35.) 'Present address: Department of Biochemistry, Charles University, Plzen, Czechoslovakia.
MATERIALS AND METHODS
Bacterial and bacteriophage strains. Escherichia coli C, the nonpermissive host for phage S13 suppressible (su) mutants, Shigella dysenteriae Y6R, the permissive host for suppressible (su) mutants, and the lysis-defective amber mutant (gene E) (2) bacteriophage S13 suN15 were kindly supplied by I. and E.
Tessman.
Growth of phage and preparation of DNA. Phage S13 suN15 was grown by infection of E. coli C in tryptone broth (29) , released by treatment with lysozyme (27) , and purified as described previously (6) . S13 DNA was released from the purified phage by phenol extraction (27) and dialyzed against SSC (standard saline citrate, 0.15 M NaCl-0.015 M sodium citrate, pH 7.0). The suspension was then mixed with sarkosyl NL97 (Geigy Industrial Chemicals) to a final concentration of 0.1%, CsCl was added to a density of 1.72 g/cc, and the mixture was centrifuged for 48 hr at 38,000 rev/min (Spinco rotor type 50) in polyallomer tubes. The DNA, dialyzed against SSC and stored at 4 C, contained no detectable protein (16) and was infective to S. dysenteriae Y6R spheroplasts (11) .
In some preparations, the phenol extract was dialyzed against 0.01 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 8.1, CsCl was added to a density of 1.71 g/cc, and the mixture was centrifuged for 60 hr at 35,000 rev/min (Spinco rotor type 50) in polyallomer tubes. The DNA was 134 BACTERIOPHAGE S13 DNA then dialzyed against SSC or 0.2 M NaCl in 0.001 M sodium phosphate buffer, pH 7.5.
Replicative-form S13 DNA (RF DNA) and 32p_ labeled RF DNA were prepared as described previously (6) with the use of the TG-P medium of Shleser et al. (25) . RF DNA eluted from methylatedalbumin-kieselguhr was dialyzed against SSC, further purified by CsCl density gradient centrifugation as described above, dialyzed against SSC, and stored at 4 C. The purified RF DNA was infective to S. dysenteriae Y6R spheroplasts (11) .
Electron microscopy. Electron micrographs of purified phage S13 were prepared by J. W. Costerton Sedimentation analyses. Velocity sedimentation analyses were performed at 20 C in a Beckman model E analytical ultracentrifuge, equipped with ultraviolet optics. S13 DNA was sedimented at concentrations from 10 to 40 Ag/iml in SSC and 0.2 M NaCl in 0.001 M sodium phosphate buffer, pH 7.5 (26); RF DNA, at concentrations from 12 to 50 Og/ml in SSC. Sedimentation coefficients were corrected to S20.
Buoyant densities of the DNA preparations were determined by isopycnic centrifugation in CsCl at 44,000 rev/min for 20 hr at 25 C in a Beckman model E analytical ultracentrifuge with the use of Kel F centerpieces and an An-D rotor (20) . Densitometer tracings of the photographs were obtained with a Beckman Acta III spectrophotometer fitted with a scanning device using the 0.05-mm slit assembly.
Base ratio analyses. DNA samples (0.4 mg/ml)
were incubated with 20 gg of pancreatic deoxyribonu- 
RESULTS
Morphology. An electron micrograph of bacteriophage S13 is shown in Fig. 1 . The virus appears as a knobby polyhedral object approximately 26 nm in diameter and confirms the close morphological similarity to bacteriophage OX1 74 previously observed by McLean and Hall (18) .
Properties of S13 DNA. Electron micrographs of S13 DNA molecules are shown in Fig. 2 , with RF molecules shown in Fig. 3 . The DNA is circular, and the mean contour length of 13 measured circles was 1.90 i 0.05 ,m. Assuming a mass per unit length of 0.95 X 106 daltons/,um (10), the length corresponds to a molecular weight for S13 DNA of 1.8 x 106 daltons.
Densitometer tracings of velocity sedimentation analyses of SI 3 DNA are shown in Fig. 4a . The DNA sedimented as a single sharp boundary with S2o = 24.6 in SSC and S°o = 23.3 in 0.2 M NaCl in 0.001 M sodium phosphate buffer, pH 7.5. A densitometer tracing of an isopycnic centrifugation of S13 DNA in CsCl, with X DNA as marker, is shown in Fig. 5a . The buoyant density of the X DNA marker, 1.7093 g/cc, was based on E. coli DNA, 1.7100 g/cc (19) , and the calculated buoyant density of S13 DNA was 1.726 g/cc.
The base composition of S13 DNA is shown in The temperature-absorbance profile of S13 DNA (Fig. 6) shows a broad temperature transition from 30 to 70 C, with a 20% hyperchromic shift typical of thermally denatured or singlestranded DNA. Additional evidence for the singlestranded nature of S13 DNA was shown by the dependence of the optical density on ionic strength (Fig. 7) , the extinction at 260 nm decreasing with increasing salt concentration. Incubation of SI 3 DNA in SSC containing 1.8% formaldehyde at 37 C (Fig. 8 ) resulted in a hyperchromic shift which was rapid in the first 30 min of incubation and complete within 16 hr of treatment. The reactivity with formaldehyde indicates that the amino groups of the purine and pyrimidine rings are accessible and not involved in a tightly hydrogen-bonded structure (26) . The extinction at 260 nm per mole of phosphorus in SSC at 30 C was 8,500, a value typical for a disordered strand of DNA.
Properties of RF DNA. S13 RF DNA molecules (Fig. 3) FIG. 5 . Buoyant density in CsCl of S13 DNA and S13 replicative-form DNA. Densitometer tracings of ultraviolet absorption photographs of DNA samples at equilibrium in a CsCl gradient. (a) S13 DNA, 5 ,ug/ml, and X DNA marker, 3 ,ug/ml. (b) S13 replicative-form DNA, 0.5 ,Ag/ml, and S13 DNA marker, 3 ug/ml. Densities are relative to E. coli DNA, 1.7100 g/cm3 (19) . stranded DNA molecule, and the DNA renatures almost completely, which is typical of small circular double-stranded DNA molecules. The RF DNA showed no optical density changes with change in ionic strength at salt concentrations with which S13 DNA showed large effects, nor was there any hyperchromic change after incubation with formaldehyde. The base composition of RF DNA is shown in (26) , indicate no significant differences between the DNA of the two phages. Freifelder (9) has discussed the use of electron microscopy for molecular-weight measurements and pointed out that until the dependence of mass per unit length on ionic strength and the composition of the supporting medium on base composition is better defined an error of 10% must be considered. The buoyant density of S13 
